We present an analysis of debris disk data around Solar-type stars (spectral types F0-K5) using the steady-state analytical model of Wyatt et al. (2007a) . Models are fitted to published data from the FEPS (Meyer et al. 2006b ) project and various GTO programs obtained with MIPS on the Spitzer Space Telescope at 24µm and 70µm, and compared to a previously published analysis of debris disks around A stars using the same evolutionary model. We find that the model reproduces most features found in the data sets, noting that the model disk parameters for solar-type stars are different to those of A stars. Although this could mean that disks around Solar-type stars have different properties from their counterparts around earlier-type stars, it is also possible that the properties of disks around stars of different spectral types appear more different than they are because the blackbody disk radius underestimates the true disk radius by a factor X r which varies with spectral type. We use results from realistic grain modelling to quantify this effect for solar-type stars and for A stars. Our results imply that planetesimals around solar-type stars are on average larger than around A stars by a factor of a few but that the mass of the disks are lower for disks around FGK stars, as expected. We also suggest that discrepancies between the evolutionary timescales of 24µm statistics predicted by our model and that observed in previous surveys could be explained by the presence of two-component disks in the samples of those surveys, or by transient events being responsible for the 24µm emission of cold disks beyond a few Myr. Further study of the prevalence of two component disks, and of constraints on X r , and increasing the size of the sample of detected disks, are important for making progress on interpreting the evolution of disks around solar-type stars.
INTRODUCTION
Recent surveys looking for excess emission around solartype (F, G and K spectral types, hereafter FGK) stars have found that over 15% of these objects are surrounded by debris disks (Bryden et al. 2006; Beichman et al. 2006a; Moro-Martín et al. 2007b; Trilling et al. 2008; Hillenbrand et al. 2008; Greaves et al. 2009 ). Although these disks are believed to be analogues of the Solar System's asteroid and Kuiper belts, the infrared luminosity of most detected disks around solar-type stars is usually around 100 times higher than that of the Solar System's debris struc-⋆ email:nkains@eso.org tures (Greaves & Wyatt 2010) . This suggests that the Solar System may have unusually sparse debris, or that the detected disks around other stars are anomalously luminous, perhaps as a result of recent collisions in their planetesimal belts, producing transient excess dust. This may be caused by a process similar to the Late Heavy Bombardment (LHB) period which occured ∼700 Myr after the formation of the Sun (Booth et al. 2009 ).
Among the sample of FGK stars with detected disks, several are known to harbour extrasolar planets. Interestingly, searches for asteroid and Kuiper belts analogues around some of the known extrasolar planetary systems orbiting solar-type stars, such as τ Boo, π Men (HD 39091), υ And, 55 Cnc and 51 Peg did not find detectable lev-els of dust Beichman et al. 2006b ). Larger-scale searches for a correlation between the presence of a planet and that of a debris disc (Kóspál et al. 2009; Moro-Martín et al. 2007a; Bryden et al. 2009 ) also concluded that the rates of excess emission were not significantly different when comparing stars with and without planets. These results could indicate that dust luminosity has fallen to near the luminosity of the Kuiper and asteroid belts of the Solar System and that these systems are past their own LHB equivalent. Such a system would not only not feature the transient excess dust associated with such an event, but the fact that clearing occurs as part of the process that leads to the LHB (e.g. Meyer et al. 2006a) means that dust excess emission would have to be faint. Booth et al. (2009) , however, suggest that such events are rare, and an alternative explanation could be that these systems might also have been born with lower-mass planetesimal belts. Studying extrasolar systems offers an important perspective for understanding the history of the Solar System. In particular, it is essential to gain an understanding of how planetesimal belts evolve around their host stars, and which mechanisms affect their structure and their luminosity in order to be able to compare observed extrasolar systems to the Kuiper belt. Kenyon & Bromley (2010) published calculations of the formation of icy planets and debris disks at 30-150 AU around 1-3M⊙ stars and found observations of A-and Gtype stars to favour models with small (∼ 10km) planetesimals. Carpenter et al. (2009) analysed the evolution of circumstellar dust around solar-type stars using the model of Dominik & Decin (2003) , extended by Wyatt et al. (2007a) . This simple analytical model of steady-state debris disk evolution was developed by considering the collisional grinding down of planetesimal belts. Here we also use the model of Wyatt et al. (2007a) to carry out an analysis of the statistics of excess emission around FGK stars. The basic features of the model are recalled in Sec. 2. In Sec. 3, we outline our modelling procedure. In Sec. 4, we briefly describe the 24 and 70µm data we use, taken from the studies of Trilling et al. (2008) , Hillenbrand et al. (2008) and Beichman et al. (2006a) . In Sec. 5, we fit this data with our model and discuss our results in Sec. 6, comparing them to the results of the analogous study that was carried out for A stars by Wyatt et al. (2007b) . We also discuss the possible reasons for differences between the evolution of debris disks around FGK stars and that of their earlier-type counterparts, and consider individual systems that are not well fitted by our models. We conclude by looking at the implications of our models for the properties of disks around FGK stars compared to those around A stars.
DEBRIS DISK MODEL
In this section we recall the main features of the analytical model developed by Wyatt et al. (2007a) and reprised by Wyatt et al. (2007b) , as well as the assumptions made in applying this model to populations of optically thin debris disks. We start with a planetesimal belt characterised by a size distribution
where D is the diameter of the planetesimals; this is the distribution expected for a planetesimal belt in collisional equilibrium (Dohnanyi 1969 ). This distribution is assumed to be valid from the largest planetesimals, of diameter Dc down to the blowout diameter D bl , below which particles are blown away by radiation pressure. For a single-radius planetesimal belt at radius r, with a width dr, the fractional luminosity of the dust emission, f = LIR/L * can be expressed in terms of the total crosssectional area σtot as
Given the size distribution in Eq.
(1), σtot is proportional to Mtot through a constant that depends on D bl and Dc (Wyatt et al. 2007a) .
Assuming the dust particles act as blackbody emitters, the blowout diameter is given by
where L * and M * are in solar units, and ρ is the density of the dust particles in kg m −3 . The temperature T of the dust at radius r is given by
For blackbody emitters, we also know that emission from the disk at wavelength λ is
where d is the distance to the star in pc and Fν is in Jy if the Planck function Bν is in Jy sr −1 . Considering a collisional cascade in which the population within a given size range is being destroyed in collisions with other members of the cascade, but is being replenished by fragmentation of larger objects, the collision of the larger objects in the cascade solely determine the long-term evolution of the population. Hence the long-term evolution depends of the collisional lifetime tc of the planetesimals in the disk with size Dc. The expression for tc can be expressed as
where tc is in Myr, dr/r is the fractional width of the disk, Dc is in km, Mtot is in units of M⊕, e and I are the eccentricities and inclinations of the planetesimals' orbits, and the factor G(Xc) is defined in Wyatt et al. (2007a) ; note that this simplified expression is only valid when e = I (which we will assume throughout this paper). Xc is defined as Xc = Dcc/Dc, where Dcc is the diameter of the smallest planetesimal that has sufficient energy to destroy a planetesimal of size Dc. This factor can be calculated from the value of the dispersal threshold Q Xc = 1.3 × 10
Ignoring non-collisional processes, the time-dependence of the disk mass can be worked out by solving the differential equation dMtot/dt = −Mtot/tc, yielding
As noted by Wyatt et al. (2007a) , the mass of the disk at t ≫ tc does not depend on the initial disk mass, since tc(0) depends on Mtot(0). As a result, at a given age, there is a maximum mass that can remain after collisional evolution, and therefore a maximum infrared luminosity fmax, given by (Wyatt et al. 2007a) fmax = 10 −6 r 1.5 (dr/r) 4πM
For observations limited by a calibration limit expressed as a flux ratio R det (λ) = F ν,disk /F ν,phot , the corresponding detection limit in terms of fractional dust luminosity, f det , is given by
This is the threshold value we use to determine which model radii are detectable at given wavelengths in the rest of this paper. Finally, the limit at which Poynting-Robertson (PR) drag becomes important, i.e. when radiation and gravitational timescales become similar for the smallest particles, is given (Wyatt et al. 2007a ) by fPR = 50 × 10 −6 (dr/r) M * /r .
That is, if a star system has a flux f < fPR, then it is likely that it will be affected by PR drag, which could mean that in such a disk the dust component of the disk becomes spatially separated from the planetesimal belt.
MODELLING PROCEDURE
As done by Wyatt et al. (2007b) for A stars, we apply this model to debris disk populations assuming that all stars have a planetesimal belt which is undergoing collisional processes as described by the above equations. This means that the initial state of the belts is completely determined by the parameters r, dr, ρ, D bl , Mtot(0), L * and M * (of which the latter two determine D bl through Eq. 3), while their evolution also depends on Q * D , e, Dc and I. We also set ρ = 2700kg m −3 , dr = r/2 and e = I = 0.05. Values of Q * D and Dc were then constrained by fits to observational data of debris disks.
Values of Mtot(0), r, L * and M * were drawn from distributions of properties of stars and debris disks. We used a power law distribution for disk radii, N (r) ∝ r γ , and treated γ and the limits of the radius distribution, rmin and rmax, as free parameters. (Trilling et al. 2008) , blue dashed line (Hillenbrand et al. 2008 ) and green dash-dot line (Beichman et al. 2006 ).
The distribution of disks at both wavelengths is affected by strong observational bias, especially for solar-type stars. For these stars, disks with radii larger than ∼ 50 AU can only be detected at 24µm if they have a large fractional excess (see e.g. Fig. 4 and 8) , meaning that there is a bias towards the detection of disks with radii lower than ∼ 50 AU, and this must be accounted for by a satisfactory model. Therefore we constrained γ by comparing the fit of the observed distribution to a fit to the subsample of the model population which could be detected at 24 and 70µm according to Eq. (10), rather than a fit to the whole model population. This comparison also yielded constraints on rmin and rmax, although these parameters are also sensitive to the fraction of disks detected in different age bins.
For the distribution of initial dust disk masses Mtot(0), we use the results of Andrews & Williams (2005 , who derived a lognormal distribution of dust masses centred on a value M mid , with a standard deviation of 0.8 dex, from submillimetre observations of protoplanetary disks in TaurusAuriga, i.e. for ∼ solar-mass stars. We use their value for the distribution's dispersion but fit M mid as a free parameter. We choose this approach because the submillimetre data of these studies do not detect all sizes of dust grains.
A spectral type was drawn on the range F0 -K5, chosen to correspond to the range observed by the various Spitzer programmes (Trilling et al. 2008; Hillenbrand et al. 2008; Beichman et al. 2006a ). The distributions of spectral types observed in these programmes were used as distributions for generating our model population; the resulting model distribution is plotted on Fig. 1 . We then determined a value of D bl for each spectral type, using corresponding values of L * and M * and Eq. (3). We also assigned values to other parameters using the relevant distributions, determining the initial conditions of each disk. It should be noted that this approach assumes that the mass and radius of the disk are independent both of each other and of the properties of the star around which they are located.
The systems were then evolved using Equations 6 and 8, and values were drawn at random for the age and dis- tance of each system, in order to determine its current "observed" properties. Distributions for these properties were also chosen to reflect the the data sample we used (Fig. 2-3 ). The range of values for age and distance were between 0 and 10 Gyr, and between 0 and 150 pc respectively, with most stars between 0 and 60 pc (chosen to cover the same ranges as the observational data used in this paper). We do not take into account any correlation between age and distance, but although we assign a distance to each system, its value has no impact on the flux statistics on which the analysis presented in this paper is based, because all observations are assumed to be calibration-limited; we do not treat the distribution of upper limits (see Sec. 4 
DATA
A list of all stars with 70µm excess emission only in the sample we use in this paper is given in Table 1 , while a list of sources that show excess at both 24 and 70µm is given in Table 2 ; stellar properties for these are published values resulting from Kurucz model fits, or in cases for which these were not available, were computed using Schmidt-Kaler relations (Aller et al. 1982) . Using the 24 − 70µm colour temperature of the dust, and assuming that the dust acts as a blackbody, we also calculated a disk radius for the disks in Table 2 with Eq. (4). We do not include the debris disks published recently by Koerner et al. (2010) because they do not report stellar ages or non-detections in their data. This sample would only add one disk detected at both 24 and 70µm, and therefore would not influence our results significantly.
We made a cut in stellar age, excluding objects with an age below 30 Myr in order to avoid protoplanetary disks affecting our statistics. We also excluded disks for which 1-σ error bars were above a threshold σt = 5 mJy. This threshold was chosen empirically to avoid having noisy flux upper limits being wrongly counted as large excesses. These cuts affected mostly the FEPS data (Hillenbrand et al. 2008) , with 6 disks detected at both wavelengths being removed from their published sample. The reason for this is the difference in the observational approaches of the SIMTPF and FEPS observations: the observations of Trilling et al. (2008) and Beichman et al. (2006a) at 70µm are calibration-limited while those of Hillenbrand et al. (2008) are sensitivitylimited; at 24µm, all observation are calibration-limited (see Table 2 ). The consequence of this is that most of the FEPS disks are very bright disks, since these are the only ones for which good photometry could be obtained.
The resulting sample consists of 46 disks detected at 70µm only and 17 detected at both 24 and 70µm. Below is a short description of each subsample we used.
Trilling et al. (2008) sample
Trilling et al. (2008) collected a sample of 193 F, G and K stars observed with the Multiband Imaging Photometer for Spitzer (MIPS). Together with data already published by Bryden et al. (2006) , the whole sample gives a view of debris disks around stars with masses and ages similar to that of the Sun, covering a range of spectral types between F0 and K5. Their "solar type" sample was selected using criteria on the spectral type (F5-K5) and luminosity class (IV or V), as well as setting a minimum photospheric 70µm flux and signal-to-noise (S/N) ratio. From the combined FGK sample, 27 show significant excess at 70µm, meaning an excess with χ70 ≥ 3, where χ70 is defined as
where F 70 is the total 70µm flux measured, P 70 is the predicted photospheric flux at 70µm, and σ70 is the error bar associated with the flux measurement. On top of these 27 objects, 3 more are classified as excess sources for reasons detailed in Trilling et al. (2008), but one is removed due to the stellar age not being determined, bringing the total number of excess objects in the sample to 29. Finally, a re-reduction of data for HD 101259 (Su et al. 2010) found that this system did not in fact have significant excess, so we removed this object from the sample. This left 28 objects with excess emssion, including 6 systems for which significant excess flux is detected at both 24 and 70µm.
Beichman et al. (2006) sample
The sample of Beichman et al. (2006a) includes objects observed in the frame of other projects, including radial velocity search teams, coronagraphy and interferometry missions. As a result, it includes some low-mass close stars. They selected stars within 25 pc (with a few exceptions for the earlier-type stars) and excluded targets with binary companions within 100 AU on the grounds that binarity might prevent the formation or long-term stability of planetary systems. Their selected sample was then observed with MIPS at 24 and 70µm and four stars were observed further with the Infrared Array Camera (IRAC) in order to help determine their photospheric flux.
Based on the criterion expressed by Eq. (12), Beichman et al. (2006a) identify 12 stars out of the 88 in their sample to have a 70µm excess at the 3 σ level or better. Amongst these, 5 also display significant excess at 24µm. and S/N 70µm ≥ 3. Amongst this sample, 13 also have excess emission at 24µm. Since photospheric sensitivity at 70µm could not be achieved without very long integration times except for the closest stars in the sample, the sensitivity of their observations was determined by a target detection threshold of dust emission, which they expressed relative to dust emission in a young Solar System model. For most targets, the survey was sensitive to 5-10 times the dust emission predicted by the model.
The sample of Hillenbrand et al. (2008) is different from those of Trilling et al. (2008) and Beichman et al. (2006a) , as the former sample is age-selected, leading to an even distribution in logarithmic age bins, while the latter are volume-limited, leading to a linear age distribution. This difference is taken into account in the analysis that follows when fitting power laws to time-dependent parameters, and the data cuts we made were chosen to minimise the effect of poorly constrained photospheric fluxes in the FEPS sample on our modelling of the statistics.
RESULTS

Fit to the 70µm statistics
Following the procedure described in Sec. 3, we found best-fit values of Dc = 450 km and Q * D = 3700 J kg −1 . These are consistent with models of catastrophic collisions (Benz & Asphaug 1999) . We also found best-fit parameters Histogram for the distribution of disk radii of the combined observational samples (diamonds) for disks detected at both 24 and 70 µm, shown with error bars calculated for small samples by Gehrels et al. (1986) . Also plotted are the distributions for the entire model population (red, dashed line) and the model population that could be detected at 24 and 70µm (blue, dotted line).
for the radius distribution of rmin = 1 AU, rmax = 160AU and γ = −0.60 ± 0.35, similar to the value of γ ∼ −0.8 ± 0.3 found in the A stars study by Wyatt et al. (2007b) . The values of σ were obtained using error bars on measured fluxes reported in the literature. A histogram of the distribution of disk radii for the model and observed data is shown on Fig. 4 . In order to reflect our small sample sizes, we use error bars for small-number Poisson statistics as calculated by Gehrels (1986) . Our radius distribution extends to lower radius than the one found by Löhne et al. (2008) , who used a value of rmin = 20 AU. However they limited their data sample to G stars, and their analysis used radius values calculated by assuming realistic grain emission rather than blackbody emission. Furthermore, we argue in Sec. 6.2 that the true radius distribution should be larger than the one we derive. Finally, we find a best-fit value for the median of the initial dust mass distribution of M mid = 4M , which is consistent with results for the disk mass-stellar mass relation of Natta (2004) , who find an approximate range of total disk masses around solar-mass stars of −2.5 < log(M disk /M * ) < −0.5. This value is lower than that of M mid = 10M found for A stars by Wyatt et al. (2007b) .
The models found with these parameters are plotted on Fig. 5 , which show that the statistics are reproduced by the model convincingly, as they were as for A stars (Wyatt et al. 2007b) ; this is shown on the right-hand panel of Fig. 5 . The flux ratio shows very slow evolution past the earliest age bins, which is what is seen in the data as well. We use two excess categories, small (R70 < 15) and large (R70 > 15). The threshold value R70 = 15 was chosen empirically to avoid upper limits contaminating the sample of stars with large excess emission. The large excess fraction makes up ∼ 20% of excesses at early ages, falling to a few percents within ∼ 3 Gyr. Table 1 . List of sources with 70µm excess only. Flux ratios and limits are given as total flux divided by photospheric flux. R24 is defined as R24 = F 24/F 24 * , and similarly, R70 = F 70/F 70 * . C24 and C70 are the 3 − σ calibration limits at 24 and 70µm, defined as (Trilling et al. 2008; Hillenbrand et al. 2008; Beichman et al. 2006a ) are plotted with small-sample Poisson statistics error bars (Gehrels et al., 1986) where appropriate. On both panels, the dotted vertical lines indicate the limits of the age bins.
for early-age (< 100 Myr) systems, as well as those of Carpenter et al. (2009) for systems with age > 100 Myr, but the temporal evolution we predict is significantly slower than that seen by those surveys. We discuss possible reasons for this in Section 6.3.
The combined fit to the 24 and 70µm statistics has a goodness-of-fit of χ 2 /d.o.f. = 1.05.
Discussion of individual sources
From Fig. 6 , it is clear that a number of systems are not well fitted by our models. We discuss shortly the systems labeled on the plot: HD 109085, HD 69830 and HD 10647.
HD 109085 was found by Sheret et al. (2004) to have a radius of ∼180 AU, compared to the blackbody radius of 6 AU used in this analysis. This system was also reported to (Trilling et al. 2008; Hillenbrand et al. 2008; Beichman et al. 2006a ) are plotted with small-sample Poisson statistics error bars (Gehrels et al., 1986) where appropriate. On both panels, the dotted vertical lines indicate the limits of the age bins. Note that for these studies, an excess was defined as R24 > 1.15, so we adopted this threshold for this plot.
have 2 separate disk components: a component with r <3.5 AU (recent work also shows that for this component r > 0.5 AU, e.g. Smith et al. 2009 ) and a cold component at ∼150 AU (Smith et al. 2008) , with the middle region possibly cleared by a planetary system (Wyatt et al. 2005) . Our results suggest that the hotter disk component is transient, . Since a disk with such a small radius is expected to have processed its material at 4.7 Gyr (the age of HD 69830), this system can be considered anomalous; fitting it in our models would require unrealistic parameter values.
HD 10647 also has a known Jupiter-mass planetary companion and a large cold disk at a radius of ∼ 300 AU has been detected at sub-millimetre wavelengths (Liseau et al. 2008) . Lawler et al. (2009) fit the IRS spectrum with a disk radius of 16-29 AU, while Liseau et al. (2010) imaged this disk with Herschel, finding a peak in the dust emission at 85 AU. This system has the largest 70µm excess in our sample. As for HD 69830, finding a model that fits this object would require extreme parameter values, as it is unusually bright compared to other disks of similar age and colour temperature. This could be caused by the disk around HD 10647 having unusually strong planetesimals, or having been recently stirred.
Model predictions of 24µm excess detection rates
We compared the detection rates of excess emission at 24µm predicted by our models to each of the three surveys used in this analysis. Since at 70µm the large scatter of excesses and accuracy of flux measurements makes determining an excess threshold difficult and excess is quantified instead with the χ70 statistic (Eq. 12), we only "predict" detection rates at 24µm. We use the relevant age, spectral type and distance distribution of each survey to estimate their detection rates from the generated model population. For the survey by Trilling et al. (2008) , we find a predicted detection rate of 3.3%, in excellent agreement with their detection rate of 4.2 +2.0 −1.1 %. We also find a good agreement with the results of Beichman et al. (2006a) , who found a detection rate of 7.3%, while our model predicts 7.1%. Finally, the study of Hillenbrand et al. (2008) constrained the 24µm rate to be < 40%, with our model predicting a rate of 16.9%.
DISCUSSION
Significance of best-fit parameters
The best-fit values we find for Q * D and Dc are significantly different from those found for the models of Wyatt et al. (2007b) for debris disks around A stars. Both Q * D and Dc are an order of magnitude larger (values for these parameters in the A stars study are 150 J kg −1 and 60 km respectively). This could suggest either that our models are incomplete and these parameter values compensate for the value of one of several other free parameters being poorly chosen or fitted, or that the properties of debris disks around later-type stars are actually different. Other regions of parameter space were also explored, and our best fit constitutes the best trade-off between the χ 2 goodness-of-fit statistic for the evolution of excess rates ( Fig. 5 and 6 ), and realistic parameter values, as stated in Sec. 3.
In comparison with the study of A stars, we find different values for rmin, γ, M mid , Dc and Q * D . The most significant differences are the higher values of Q * D and Dc, although the exact values of the individual free parameters are poorly constrained and are not as informative as combinations of these parameters. In this case, the values point to a slower evolution of F70,tot/F 70,phot and of F24,tot/F 24,phot compared to what was found for disks around earlier-type stars (e.g. Su et al. 2006) . It should also be emphasised that while FEPS data is available at several wavelengths for some of the objects presented here, we only consider data at 24 and 70µm. Using different wavelengths colours might result in different radii, temperatures and luminosities, for example if there is cool dust present in the disk. Carpenter et al. (2009) indeed found that the dust temperatures derived from MIPS 24 and 70µm were lower than those inferred from spectra obtained with IRS (Infrared Spectrograph), and Hillenbrand et al. (2008) find different colour temperatures when using 33 and 24µm or 70 and 33µm flux density ratios. Q * D might vary because the composition of the disk may be different around later-type stars, or the bodies making up the disk may be more compacted by previous collisions, making them stronger and accounting for a higher intrinsic strength of the disks. The value of Dc indicates an initial population made of large objects, up to Pluto-size asteroids rather than smaller planetesimals, hinting at Kuiper-beltlike properties. However, the difference between solar-type and A stars results may also be due to inaccuracies in deriving the radius of disks with the 24 − 70µm colour temperature.
Because small grains are inefficient emitters, and we are assuming blackbody radiation from all grains in the disk, the actual radii may be larger than the derived values. This is confirmed by results of disk imaging which show that disks are generally 2-3 times larger than the blackbody value (e.g. Maness et al. 2009 ). We therefore emphasise that in this paper we are finding an effective value for the parameters Q * D and Dc, as was done for the A stars study. The discrepancy in effective values between A and FGK stars could then be caused by an dearth of small grains around A stars compared to solar-type stars. This is because the blowout size of grains is larger around earlier-type stars (∼ 10 µm for A stars and ∼ 1µm for a G0 star), meaning that with larger number of inefficient emitters, the emission is less well described by blackbody emission for disks around FGK stars.
Hence the ratio of real radius to blackbody radius could be larger for solar-type stars than for A type stars. Despite effective values being different, the real values of the planetesimal strength and largest planetesimal size may therefore be similar for solar-type and A stars. In the next section, we discuss and quantify this.
Effective and real parameters
Bonsor & Wyatt (2010) used grain modelling, taking into account the non-blackbody nature of the grains and a realistic size distribution, to show that for A stars, real disk radii are expected to be larger than blackbody radii by a factor of ∼ 2 (with some dependence on radius and spectral type), in agreement with observations of resolved disks. They also derived scaling laws between realistic and effective values for parameters within the context of the modelling presented here. Assuming that the real radii are larger by a factor Xr compared to blackbody radii, then the real parameters can be calculated from parameters which were found using the blackbody assumption, by making sure that all disks have the same luminosity evolution when the radii are changed.
In the following discussion we use a simplified notation so that M ≡ M mid , Q ≡ Q * D and D ≡ Dc. Furthermore, we use the subscript r to denote a real value, while its absence denotes an effective value: Qr refers to the real planetesimal strength, while Q refers to the fitted (effective) parameter.
Disks start off with the same luminosity if
from Eq. 3-4 of Wyatt et al. (2007b) (see also Eq. 16 of that paper), and disks evolve on the same timescale if
Note that these constraints are for an average population, and that they can be violated on a case-by-case basis. The real parameters for each population cannot be derived from the parameters of the blackbody fit, because there are 4 free parameters and 2 constraints. However, it is possible to compare the real parameters of the FGK and A star populations from their blackbody fits. We rearrange Eq. (13) and (14) to derive expressions for Xr and Qr for the FGK stars population in terms of the equivalent A stars parameters. We use the additional subscripts A for A stars and F for FGK stars in the following comparison.
If we assume that the strength of the planetesimals follows Qr ∝ D 1.5 r (i.e. that the strength of the planetesimals is mainly gravitational), and that planetesimals have the same composition around A and FGK stars, we can also rearrange these equations to find that, with the parameter values found in this paper and in Wyatt et al. (2007b) (Q * D = 150 Jkg −1 , Dc = 60 km and M = 10 M ) as well as the value of Xr found for A stars by Bonsor & Wyatt (2010) ,
and using this to derive an expression for the scaling factor yields
We can expect Xr to be larger for FGK stars than for A stars for the reason mentioned earlier that there are more inefficient emitters around FGK stars. Unfortunately the overlap between the sample of disks resolved with Spitzer and the data sample used in this paper is too small for this to be useful to constrain Xr for FGK stars, although imaged disks such as HD 181327 (Schneider et al. 2006) suggest that a value of ∼ 3 is a good estimate for Xr,F . Using Xr,A = 2 (Bonsor & Wyatt 2010) , the value of Xr,F is consistent with the estimate of ∼ 3 that is expected from imaged disks (e.g. Schneider et al. 2006 ) if the planetesimals around FGK stars are larger than those around A stars by a factor of ∼ 5. Putting this number into Eq. (15), this means that the median disk mass around FGK stars is ∼ 0.72 times that for disks around A stars. This is in agreement with the findings of e.g. Natta (2004) that earlier-type stars are expected to have more massive disks.
Finally, the values found for γ, rmin and rmax point to a slightly flatter disk distribution for FGK stars compared to their earlier-type counterparts. This, however, does not take into account the possible systematic difference in actual disk radius contained in the scaling factor Xr,F , which would result in more large disks around FGK stars to what was found for the A stars.
Time evolution of the 24µm statistics
As pointed out in Section 5.2, the temporal evolution we derive in the model presented here is significantly slower than that observed by Carpenter et al. (2009) and Siegler et al. (2007) . The need for the model to yield slower time evolution is most obvious on Fig. 6 and 10 , the latter of which shows that several disks in the sample have small radii despite being relatively old and therefore expected to have processed all their mass.
We suggest two possible reasons for this discrepancy. In the first, the faster evolution seen by Carpenter et al. (2009) and Siegler et al. (2007) could be due to the disks having two components. Surveys at 24µm that focus on young stars would trace the hotter component that evolves on short timescales (being at smaller radii), whereas surveys of older stars would trace the colder component. Indeed, the data we use in this paper comes from surveys looking at older stars, for which the hot component would have faded below detectable levels. In contrast, the sample of Carpenter et al. (2009) has over 80% of stars younger than 1 Gyr, and Siegler et al. (2007) have over 70% of young stars.
Although Carpenter et al. (2009) conclude from IRS spectra that 24µm excess emission arises from cold dust, the spectrum of a two-component disk could still look like a cold dust emission spectrum if the hot component, while bright enough to produce detectable 24µm excess emission at young ages, is too faint to make the 24−70µm colour look like hot dust emission. Therefore more evidence is needed to determine whether two-component disks are responsible for the discrepancy in observed evolutionary timescales.
The alternative explanation is that the fast 24µm evolution seen by Carpenter et al. (2009) and Siegler et al. (2007) is the true evolution of single temperature disks (e.g. Kuiper belts), and that this really does disappear by a few 100 Myr (see Fig. 6-7) . The 24µm emission from the older systems that contribute to the survey statistics modelled in this paper then must arise from a transient component. This is already thought to be the case for some of the old systems for which the 24µm emission comes from a hot component within a few AU (e.g. Wyatt et al. 2007b) , and is perhaps favoured by the fact that IRS spectra do not show evidence for two-component disks, but this in not the case for all of the older systems, such as HD10647 which would have to be a significant outlier in such a model.
Here we have modelled one of these possible cases, where 24µm comes from the cold component of a twocomponent disk. It is difficult to favour an interpretation with the small number of disks detected at both 24 and 70µm, but additional detections from future surveys will help distinguish between these possible explanations. Finally we also note that as in this paper we use a singletemperature disk model; fitting this data with an extended disk model and a range of temperatures could also significantly improve the fit. Fig. 8 shows a plot of fractional luminosity f against disk radius, with the observed data plotted over the model population. Also plotted are the detection limits at both 24 and 70µm, given by Eq. (10), and the lines of maximum fractional luminosity at 2 and 10 Gyr, given by Eq. (9), for an F0 dwarf and the best-fit model parameters. The detection thresholds are calculated assuming calibration limits of R24 = 0.11 and R70 = 0.5. In theory, disks should lie on or below the line of maximum luminosity for their age and spectral type, although as noted by Wyatt et al. (2007b) , the precise location of these lines depends on parameters which may vary between disks such as Q * D , e, Dc, and the spectral type of the disk's host star. The sharp increase in the 24µm threshold for disks with radii larger than ∼ 50 AU means that the disks with larger radii, i.e. those disks which are expected to have the strongest emission at 70µm will be more difficult to detect at both wavelengths as they will require high fractional dust luminosity.
Fractional luminosity vs. radius
Values of f /fmax for disks detected at 24 and 70µm are given in Table 2 . Since fmax depends on the disk radius 1 , a good estimate can only be made for those disks detected at both wavelengths, so we do not include a value f /fmax for disks detected at 70µm only. Several disks stand out in Table 2 and on Fig. 8 . In particular, HD 69830 (Trilling et al. 2008 ) has a luminosity f over 800 times the maximum theoretical value fmax for its age, radius and spectral type. This comes from a very small disk radius of 1 AU combined with a relatively old stellar age of 4.7 Gyr. A fit to the model population yields f ∝ r 0.72 , while a fit to the observed population of disks in the Trilling et al. (2008) and Beichman et al. 1 Note that the calculation of fmax is unaffected by the discussion in Sec. 6.2 on the difference between real and effective radius, as long as fmax is calculated using both effective parameters and blackbody radius (which would give the same value that would be calculated from the real parameters and real radius). 6.5 Fractional luminosity vs. age Fig. 9 shows the fractional luminosity of disks as a function of age, as well as theoretical evolution lines for disks of initial mass 3, 30 and 300 M of radii 10 and 100 AU. The larger disks do not reach steady state in the timescale considered here, while the smaller disks have reached their collisional equilibrium by ∼ 1 Gyr. A fit to the model population gives the relation f ∝ t −0.47 while a fit to the observed population yields f ∝ t −0.18±0.10 , just within 3 σ of the best-fit model. Fitting of the observed disks is strongly affected by the low number of disks in our data set, especially by the relatively few young disks (< 1 Gyr) in the sample, but one can conclude from Fig. 9 that the model population is a reasonable fit for the observed population. The validity of these fits will benefit from additional observations, which will allow more significant conclusions to be drawn with larger samples. Interesting to notice is the absence of a peak in excess flux analogous to the one seen in the observed A star samples around 10-15 Myr (Currie et al. 2008 ).
6.6 Radius vs. age Fig. 10 is a plot of disk radius as a function of age, for those disks that could be detected at 24 and 70µm.
A lower limit for detectable radii is visible in the model population, with this lower limit increasing with age beyond ∼100 Myr. Older disks must therefore have larger radii to be detected at both 24 and 70µm. This comes from the fact that disks with larger radii are slower in processing their mass and can therefore remain above detection thresholds for a longer time than disks with small radii. This radius increase with age is therefore only due to detection sensitivity considerations. In fact, there is as yet no evidence for a correlation between radius and age (Najita & Williams 2005) .
A fit to the model population confirms the apparent increase of disk radius with age, with the relation r ∝ t 0.25 , while a fit to the observed population yields r ∝ t 0.00±0.04 . The fit to the data is strongly influenced by the disks from the Hillenbrand et al. (2008) sample, which consists of younger, and mostly larger disks. We also see a lack of observed small and young disks, which are predicted by the model. Although this could be evidence for rapid inner clearing, the small number of disks of the observed sample makes it difficult to draw robust conclusions as to the cause of this. Thus we note that it is worth scrutinising <300 Myr stars to see if there really is an absence of <10 AU disks that would be the precursors of older systems such as HD 40136 and HD 109085 (η Corvi), and whether the radii derived from 24-70 µm colour temperatures appear smaller than reality for a significant number older disks, perhaps due to the presence of both hot and cold dust (as is known to be the case for η Corvi; see Wyatt et al. 2005) , or due to the action of P-R drag (discussed later). In comparison, for sources detected at 70µm, Carpenter et al. (2009) fitted FEPS IRS spectra to derive probability distributions for inner disk radii peaking at a few tens of AU.
The observed disks HD 69830 and HD 166 (Trilling et al. 2008 ) appear on the plot where the model predicts that no disks should be detected (bottom right corner of Fig. 10 . For HD 69830, we attribute this to an unusually high disk luminosity; indeed this disk is found to have over 800 times the maximum theoretical luminosity for its radius, age and the spectral type of their host, as was already mentioned in Sec. 6.4. HD 166 lies just outside the model population. Its disk is small for its age and its luminosity is just over its maximum theoretical luminosity; the unusual brightness for a disk of this age and colour temperature may mean that the disk around HD 166 has unusually strong or massive planetesimals compared to its peers. Other disks are also, although to a lesser extent, anomalously bright for their age: HD 109085, HD 10647 and HD 207129. Unusual disk properties might explain this: HD 109085 has two disk components, as discussed above, while recent imaging of the disk around HD 207129 (Krist et al. 2010) and HD 10647 (Stapelfeldt et al., in preparation) with the ACS coronagraph on the Hubble Space Telescope shows that these disks have radii larger than the 24-70µm radii used here by an order of magnitude. We discussed in Sec. 6.2 why we might expect blackbody radii to be smaller than the true radii, and these discrepancies also indicate that the 24-70µm radius could be a worse estimator for the true radius for FGK stars, compared to A stars. This could be because some of the disks have two components, as discussed in Sec. 6.3, or because there is a large spread in the Xr,F factors between the disks. Larger disk samples and detailed analysis should help improve our understanding of this effect.
Dust might also find itself closer to the star than the planetesimal belt under the action of Poynting-Robertson drag. This becomes important when P-R drag and collisional timescales are comparable, or in terms of luminosity, when f < fPR, with fPR being given by Eq. (11).
This limit is shown on Fig. 8 . From this plot, it emerges that disks with small radii could be affected by PR drag, given the proximity of the limit for PR drag to the limit of detection at 24µm for these disks. In our sample, no system has f /fPR < 1, meaning that PR drag is not significant for the observed disks we are considering ; the most likely system to be affected by this effect is HD 40136. We also note that if the disk radius has been underestimated by a factor Xr, then the limit at which P-R drag becomes important given in Eq. (11) should be lower by a factor X −1/2 r . Therefore we do not expect P-R drag to have significantly influenced the blackbody radius, derived from dust temperature, which is thus a good proxy for the location of the planetesimal belt (with the caveats mentioned in Sec. 6.2).
6.7 Histogram of f /fmax Fig. 11 shows a histogram of the quantity f /fmax, plotted for our data sets and for the model. We also plot the model with an arbitrary Gaussian smoothing of 1 dex to account for variations of disk properties between individual systems, which we have not considered in our model. The range of fluxes is broader in the data, which, as stated by Wyatt et al. (2007b) can be explained by the fact that we have assumed in our model that all the planetesimal belts have the same properties, where in reality the values of parameters such as Dc, Q * D and e are expected to vary from one belt to another. The parameters we used would then be correct as an average over a whole population of stars, but not necessarily for individual debris disks. This is particularly relevant when the sample of observed disks is as small as it is here. Although Figure 11 . Histogram of dust fractional luminosity for the observed population with an excess at both 24 and 70 µm (solid line), the model population (dashed, red) and the model population with a Gaussian smoothing of 1 dex (dotted, blue). Luminostiies are expressed as a fraction of the maximum theoretical luminosity fmax, given by Eq. (9), and only the model population which could be detected at both 24 and 70 µm is plotted.
our data set is small, main features are reproduced by the smoothed model.
CONCLUSIONS
In this paper, we have showed that the main features seen in observations of debris disks around FGK stars can be attributed to collisional grinding of planetesimals. We modelled data collected by teams with the Spitzer Space Telescope, and used 24 and 70µm colours to derive simple properties of the disks for each of these systems. Our results are consistent with models of planetesimal strengths and their size distributions, although we find parameters corresponding to these properties to be an order of magnitude different from those found in the study of A stars that was done using the same model (Wyatt et al. 2007b) .
We discussed whether these values might be effective values due to differences in stellar environment, and found that properties of disks around later-type stars may be somewhat different from those around earlier-type stars, because they evolve on longer timescales and therefore have had more time to form larger planetesimals (e.g. Kennedy & Kenyon 2009 ), which are then also stronger if the strength is mainly due to gravitational pull. We also find that disks around FGK stars are less massive than those around A stars by a small factor, in agreement with previous findings (e.g. Natta 2004 ). Future observations to increase the sample of debris disks detected at multiple wavelengths will allow us to test our assumption that the blackbody disk radii underestimate the true radii of disks around FGK stars by a larger factor than for those around A stars. Realistic grain modelling analogous to the work done for A stars by Bonsor & Wyatt (2010) could also help constrain this factor.
We proposed two explanations for the discrepancy between the slower time evolution we derive in this analysis compared to that found by Carpenter et al. (2009) and Siegler et al. (2007) . We first suggested that this could be due to disks having two components. The samples of disks observed in these surveys are made up in large part of young (< 1 Gyr) stars, around which the hot component would still be bright enough to produce detectable amounts of 24µm emission. However, this excess emission would evolve rapidly due to the disk component's small distance from its host star. In contrast, the data we use in this analysis includes many older stars, for which the 24µm emission would come from the cold component of the disk, which would evolve on longer timescales. However, an alternative explanation for the apparent slow evolution might also be that it comes from cold dust, with the excess emission past a few Myr then caused by transient events.
Small data samples are strong caveats on these results. In most cases, the flux statistics we derive from our analysis are based on only a few disks. This shows the importance of collecting more observations of disks around late-type stars with large-scale surveys. More observations would help determine why the 24 − 70µm radii might be worse radius estimators around stars of different types, and whether the slow evolution of 24µm flux statistics we derived in this paper is statistically significant.
